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ABSTRACT

Efficient gene transfer into hematopoietic stem cells is a great tool for gene therapy of hematopoietic disease. Retro-
virus have been extensively used for gene delivery and gene therapy. However, current in vitro gene transfer has some
obstacles such as induction of differentiation, loss of self-renewal capacity, and down-regulation of homing efficiency
for in vivo hematopoietic stem cells transplantation. To overcome these problems, we developed efficient in vivo retro-
viral transfer technique by direct intra-bone marrow injection (IBM). We identified effective retrovirus gene transfer
in bone marrow hematopoietic cells in vitro. Two weeks after retrovirus transfer via IBM injection, we observed stable
EGFP gene expression in bone marrow, lymph node, spleen, and liver cells. In addition, 6.4+2.7% of hematopoietic
stem/progenitor cells were expressed EGFP transgene from flow cytometry analysis. Our results demonstrate that in
vivo retrovirus gene transfer via IBM injection can provide a viable alternative to current ex vivo gene transfer app-
roach,
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Fig. 1. Structure of retrovirus vector. The retroviral vector GCsap
contains the MLV LTR with intact slice donor and splice acceptor
sequences. Enhanced green fluorescent protein (EGFP) cDNA was
inserted between Ncol and Norl sites of GCsap to generate EGFP
(MLV). The 3R of the vector was replaced with the correspond-
ing MSCV fragment to make EGFP(MSCV). Gene sequences present
in each vector are labeled as follows: Y+, Packaging signal; SD,
splice dorner SA, splice acceptor.
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Fig. 2. In vitro retrovirus gene transfer into bone marrow hema-
topoietic stem/progenitor cells. Retrovirus gene transfer efficiency
was assessed with primary bone marrow hematopoietic stem/pro-
genitor cells by flow cytometry analysis (A). Phase-contrast (left)
and fluorescent (right) image of cells was shown after infection at
48 hours from viral infection (x100) (B). Retroviral gene delivery
efficiency in bone marrow hematopoietic lineage cells were ana-
Iyzed by EGFP expression with staining of specific monoclonal
antibodies(Sca-I for hematopoietic stem/progenitor cells, B220 for B
lymphocytes, and CD11b for myeloid lineages) (C).
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Fig. 3. In vivo gene transfer into bone marrow hematopoietic cells
by intra-bone marrow injection. Retrovirus expressing EGFP was
inoculated by intra-bone marrow injection into C57BL/6 mice di-
rectly. Total bone marrow hematopoietic cells were harvested from
femur and tibia of hind legs after 2 weeks from postinjection. EGFP
expression was determined in bone marrow and stained with anti-
murine CD11b Ab for myeloid lineages and anti-murine B220 Ab
for B lymphoid lineages for flow cytometry analysis. (A) Data was
indicated total EGFP positive cells in bone marrow (A), and EG-
FP expression in myeloid cells (CD11b") and B lymphocytes (B220")
(B).
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Fig. 4. Retrovirus gene delivery into hematopoietic stem/progenitor
cells. Total hematopoietic cells from bone marrow of retrovirus
injected mice by intra-bone marrow injection were stained with
cKit and lineage markers (CD11b, B220, CD3, Ter119) for flow
cytometry analysis. The efficiency of retroviral gene delivery into
hematopoietic stem/progenitor cells was determined by EGFP ex-
pression in ¢-Kit positive cells after gated out lineage positive ma-
ture hematopoietic cells.
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Fig. 5. Efficiency of retroviral gene transfer into hematopoietic
organs. Retrovirus injected into bone marrow cavity of C57BL/6 mi-
ce directly. After 2 weeks from injection, each hematopoietic organs
was investigated EGFP expression label with flow cytometry. Data
was indicated the efficiency of retroviral gene delivery in indicated
hematopoietic organs, thymus, spleen, lymph node, and liver.

T A FEE 7.5:2.8%0 A1 EGFPS] W& o] B Q) A
Holl M= 202411.7%2) M 27} EGFP A2 2 CD3 %
A T P Al EE 59.3+23.3%, CD11b A9l S5
M EE 9.342.7%, B220 9 ¢] B kT AEQ] 7.145.6%
HE9 #42F £ 288 YehhAh 1ol A= 163+
0.9%9] AEA FEZulolg e FAA &9 AES
eI 2 97 A3, IBME £33 g EZntola] A9
TUe AAQT 28 E7] NTE SHAL AgE RS 3
M=

]

el

P EZnfolg2E 19909 AP 5 Y WddHS
Bxpe] AL A =510 HEE AJPH o) F,
71z FAAF =18 A TG Bl o] gEeix|
= wiF A Hlolgjzo]tCulver 5, 1994). 234}
HA7A] HEZuto|e g o] &8 28 £7] Aol #
AR B B2 =8] dol MAA e FHA 34 2
FABE AT Y A8l = B FAPE Uxsta ¢
ok 2 A7E A7 AFReA AREHPA HER
HlolB & o] & 28 F7] X9 AR =Y A5 &
A HEe] AlEH g DA E 2 27) A
E9 A7) A 583 ths} 58 A 59 BAd T8



FEZ7|AZA 9 FAA =Y 13

A A vhg-x Bz BM o4 g B
28 27 AE 2 2EAEAY 11 G HAA =
& AT Fig. 20149} o] I AFelA] A}
Murine stem cell virus (MSCV) promoter”} th&
promoter$} Hu g g W) 28 Z7] H 2o Bd FHo)
EHT Ao #EE U THKaneko %, 2001). A8 o] 4]
o 2ot ol BM o4& F HlERulolexe] 4
A E9) 5EE A AT, 64427%2) F- ) 28 &
7} AE oKitLin® AESNH EGFP %4do] :as et
(Fig. 4). o] 23}= IBMO.E 398 g EZujolgjar} 2
T 24 Yl A v mH 0w 28 £7) AE 29T
of st lvks AMS BT m Utk EE, 600Gy
of vk AApke] WAL 2AME Boto] I el A4 8
HEE A} FIdte] A2 Fr] gERZulo|zjarton
= a3l 28 AT AX 2 28 £7) A¥do] §31%
€ TUE AR AL 2AS Sato] o]x1AQl &
dxAd9 534 =9 & 243 27, F4, 9%,
Hpdal g 2HeME 1 589 FH2 £Y Fsol
BAEAY (Fig. 5).01 23 A3t AejnjolH2g o] &8
PR 2EA ) FH2 2YH By uc 58
1 £2 2§ BEY (Worsham 5, 2006). & o7 A
sto] IBMS B3 dE=ulolg{xe] B9le 28 &
| A7} deEo] Y= hematogenesis&
 frAz A5 7S AXEh B A
IBM ©]%] 82 Hagglund A7Eol 93 A
3 Pa AHE B3t AU fae =9 2] Al
Foh 2ol we 2H A 5HE A A x| Fieirie
Abdol HisItHKushida 5, 2001). F5 A4 0|44
T3l A olxldE 2d &) AT TES v AE 4
I IBM o] 4749 Foll 17), AFYL 660 7] S0l
R v&2 28 27] AE7t E48a ks ARo)
21815 H(Takashi 5, 2003). ©1i= IBM o]4o] R Yof
Blgtol 28 %7) Az 28 A 58 KR s &
ke AMS AR 3 Yo Nelson 5, 1997
Porada %, 2000). & 79 #HEZuHlo)g A9 IBM ©]4]
WS 083 28 27 AX A B9 xR M3
4 FAEE AR B FHA 2SI Y 2 A%
125 AT M2 F44 X5 Pgoas gas] 8
g oels AU Qi) WA, IBM o)X 28 &7 A%
52 AFAEA ] 1 589 fdA =)o) sbsdkH, =
g 7] AE A7) BA 9 o 23} 58S 43 A
oM 47 =le] 7bssiths AHE AYa o =3,

_?,]
O%_
g

ofo @ ok o

o
off
ol

N
b
!

]

12 2 ot N, it

N o r
Aed
T ofo

o2l

N

¢

A7) AR A7 =9S A9 28 £7) Az A
ooz Adate] furd 5 gl G WY HE &
7 Aske 2 FAEE AT & = FHE A g
o a3y dpoj2iie] FAQ FAH I T4 AF o4
ThE 59 TRk A % M At HeR §
t}. K31, Retroviral vectorS o83 42 250 glolA

} X
insertional mutagenesis®] A F-A 7} w2}, X-linked
severe combined immuno-deficiency #z}ef o] J4t &
oA 20% 5 319 Fxe FHA} EUE =Y E7) A
Fo)| A T HlE9 leukemia?} AT}, 849 o] trans-
gene?! IL2RG -2} #}#7} oncogenesisE 2071 7}
Fdo]l RarH It} Lentiviral vectorE 0] 83F 2 a0 5
15ute] Z 5712](33%) 7} T A ®9 leukemiaz} A8l ut
W, control¢l mock vectorE EYAIZ] vF$-2o = Jeu-

kemiaZ} ASEA] e23t7] wiEolth kAl of lymphoma
£ virus vector?] insertional mutagenesis7} obd AME-§t
transgene®] intrinsic¥t oncogen®.® HoZTHPike %,

Wb B QT e ke e) QakE gl 1ol B
o &l BM RS 53 484 49 Aoz A4
velA cheke gAxke] 28 27] Al A7) BA] 2 &
8 273 792 A7) A% 2L ruow B89 5 9
owl, EIAQ WA FA HD WRoRA BAY ex
SR 4 gl mabalel o)
ARS

2 AlgEch

1. Dunbar CE (1996): Gene transfer to hematopoietic
stem cells: implications for gene therapy of human
disease. Annu Rev Med 47:11-20.

2. Ballas CB, Zielske SP, Gerson, SL (2002): Adult bone
marrow stem cells for cell and gene therapies: im-
plications for greater use. J Cell Biochem Suppl 38:
20-28.

3. Engel BC, Kohn, DB (2003): Gene therapy for inborn
and acquired immune deficiency disorders. Acta Hae-
matol 110:60-70.

4. Cornetta K, Fan Y (1997): Retroviral gene therapy in
hematopoietic diseases. ] Clin Apheresis 12:187-193.

5. Cavazzana CM, Hacein BS, Saint BG, Gross F, Yvon
E, Nusbaum P, Selz F, Hue C, Certain S, Casanova
JL, Bousso P, Deist FL, Fischer A (2000): Gene the-
rapy of human severe combined immunodeficiency
(SCID)-X1 disease. Science 288: 669-672.

6. Hacein BAS, Deist F, Carlier F, Bouneaud C, Hue C,
Villartay JP, Thrasher AJ, Wulffraat N, Sorensen R,
Dupuis GS, Fischer A, Davies EG, Kuis W, Leiva L,
Cavazzana CM (2002): Sustained correction of X-
linked severe combined immunodeficiency by ex vivo
gene therapy. N Engl ] Med 346:1185-1193.

7. Hanenberg H, Xiao XL, Dilloo D, Hashino K, Kato [,
Williams DA (1996): Colocalization of retrovirus and
target cells on specific fibronectin fragments increa-
ses genetic transduction of mammalian. Nat Med 2:
876-882.

8. Kurre P, Morris ], Horn PA, Harkey MA, Andrews
RG, Kiem HP (1998): Improved gene transfer into
baboon marrow repopulating cells using recombinant
human fibronectin fragment CH-296 in combination
with interleukin-6, stem cell factor, FLT-3 ligand, and
megakaryocyte growth and development factor. Bl-
ood 92:1878-1886.

9. Abonour R (2000): Efficient retrovirus-mediated trans-
fer of the muitidrug resistance 1 gene into autologous
human long term repopulating hematopoietic stem
cells. Nat Med 6:652-658.10.

10. Kohn DB, Sadelain M, Dunbar C, Bodine D, Kiem



14

11.

12.

13.

14.

15.

16.

17.

18.

HP, Candotti F, Tisdale J, Riviére I, Blau CA, Richard
RE, Sorrentino B, Nolta ], Malech H, Glorioso ]
(2003): American Society of Gene Therapy (ASGT) ad
hoc subcommittee on retroviral-mediated gene trans-
fer to hematopoietic stem cells. Mol Ther 8:180-187.
Rosenberg SA, Blaese RM, Brenner MK, Deisseroth
AB, Ledley FD, Lotze MT, Wilson JM, Nabel G]J,
Walker R (2000): Human gene marker/therapy clini-
cal protocols. Hum Gene Ther 11:919-979.

Wright DE, Wagers AJ, Gulati AP, Johnson FL, Wei-
ssman IL (2001): Physiological migration of hemato-
poietic stem and progenitor cells. Science 294:1933-
1936.

Wagers AJ, Allsopp RC, Weissman IL (2002): Ch-
anges in integrin expression are associated with
altered homing properties of Lin”**Thy1.1""Sca-1'c-
kit" hematopoietic stem cells following mobilization
by cyclophosphamide/granulocyte colony-stimulating
factor. Exp Hematol 30:176-185.

Jetmore A, Plett PA, Tong X (2002): Homing effi-
ciency, cell cycle kinetics, and survival of quiescent
and cycling human CD34 cells transplanted into
conditioned NOD/SCID recipients. Blood 99:1585-
1593.

Yahata T, Ando K, Sato T, Miyatake H, Nakamura Y,
Muguruma Y, Kato S, Hotta T (2003): Ahighly sen-
sitive strategy for SCID-repopulating cell assay by
direct injection of primitive human hematopoietic ce-
s into NOD/SCID mice bone marrow Blood 15:
2905-2913.

Burger JA, Spoo A, Dwenger A, Burger M, Behringer
D (2003): CXCR4 chemokine receptors (CD184) and
alphadbetal integrins mediate spontaneous migration
of human CD34" progenitors and acute myeloid leu-
kaemia cells beneath marrow stromal cells (pseudo-
emperipolesis). Br ] Haematol 122:579-89.

Peters SO, Kittler ELW, Ramshaw HS, Quesenberry
PJ (1995): Murine marrow cells expanded in culture
with IL-3, IL-6, and SCF acquire an engraftment
defect in normal hosts. Exp Hematol 23:461-469.
Szilvassy SJ, Bass MJ, Zant GV, Grimes B (1999)

o

x

ofrl

19.

20.

21.

23.

24.

25.

26.

Organ selective homing defines engraftment kinetics
of murine hematopoietic stem cells and is compro-
mised by ex vivo expansion. Blood 93:1557-1566.
Onodera M, Yachie A, Nelson DM, Welchlin H,
Morgan RA, Blaese RM (1997): A simple and reliable
method for screening retroviral producer clones wi-
thout selectable markers. Hum Gene Ther 8:1189-
1194.

Culver KW (1994): The first human gene therapy
experiment. Gene therapy-A handbook for physician.
Marry Ann Liebert 1:33-40.

Kaneko S, Onodera M, Fujiki Y, Nagasawa T, Na-
kauchi H (2001): Simplified retroviral vector GCsap
with murine stem cell virus long terminal repeat all-
ows high and continued expression of enhanced gr-
een fluorescent protein by human hematopoietic pro-
genitors engrafted in NOD/SCID Mice. Human gene
thrapy 12:35-44.

. Worsham DN, Schuesler T, Kalle CV, Pan D (2006):

In vivo gene transfer into adult stem cells in uncon-
ditioned mice by in situ delivery of a lentiviral vec-
tor. Mol Ther 14:514-524.
Kushida T, Inaba M, Hisha H (2001): Intra-bone
marrow injection of allogeneic bone marrow cells: a
powerful new strategy for treatment of intractable
autoimmune diseases in MRL/lpr mice. Blood 97:
3292-3299.
Nelson DM, Metzger ME, Donahue RE, Morgan RA
(1997): In vivo retrovirus mediated gene transfer into
multiple hematopoietic lineages in rabbits without
preconditioning. Hum Gene Therapy 8:747-754.
Porada CD, Tran ND, Zhao Y, Anderson WF, Zanjani
ED (2000): Neonatal gene therapy: transfer and expre-
ssion of exogenous genes in neonatal sheep following
direct injection of retroviral vectors into the bone
marrow space. Exp Hematol 28:642-650.
Pike-OK, Ridder D, Weerkamp F, Baert MR, Thrasher
AJ], Wagemaker G, van Dongen ]JJ, Staal F] (2006):
Gene therapy: Is IL2RG oncogenic in T-cell develop-
ment?. Nature 21:443-444.

(A59 Ak 2007. 11. 20 / A= L=}: 2008, 1. 9)



